Information processing in microtubules is an open question that has not been properly addressed yet.
INTRODUCTION
Herbert Froehlich was one of the first to suggest the feasibility of long life macroscopic coherence (classical and quantum) in "ordered" biological structures such as microtubules at room temperature [1, 2] . Furthermore, some researchers argued that coherence between microtubules in the nervous system could potentially provide an explanation for consciousness [3, 4] . While the issue of quantum effects in the human brain is a controversial topic of science [5, 6] and it is likely that decoherence does not let quantum states to survive long enough to be effective in cognitive processing [7] [8] [9] , the possibility of information processing in microtubules is still an open question.
In a series of studies by G Albrecht-Buehler, he has demonstrated that cell intelligence in fibroblast cells is due to some cytoskeletal structures in the cell, and living cells possess a spatial orientation mechanism located in the centriole (i.e. a microtubular structure), and electromagnetic signals are the triggers for the cells repositioning [10] [11] [12] . Even though it is theoretically possible for photons to interact with microtubules [13] , it is still controversial how the reception of electromagnetic radiation is accomplished by the centriole.
Moreover, some argued that learning in unicellular organisms such as paramecium might support the hypothesis that sub-cellular structures (such as microtubules) could support intelligent behavior [14] . In a similar vein, it was suggested that microtubules do not only process information, but they are also responsible for memory storage and learning. A modelling study showed that the structure of Ca2+/calmodulindependent protein kinase II (CaM kinase II or CaMKII which is essential for memory formation in neurons) fits into the phosphorylation sites on tubulins of microtubules [15] . This strengthens the possibility that tubulin phosphorylation in microtubules may encode information as it was suggested elsewhere [16] .
Here, we sought to test the hypothesis that microtubules are involved in memory encoding and information storage in a unicellular organism that exhibits learning. We disrupted the microtubular dynamics in the organism to see if microtubules are involved in information storage in paramecium. Our results suggested that while disrupting GABA receptor dynamics will impair paramecium learning, disruption of microtubular dynamics does not impair the learning behavior.
METHODS

Experimental Setup
To investigate the role of microtubules in paramecium learning, we used a previously developed behavioral learning paradigm [17, 18] and combined it with a pharmacological manipulation approach [19] . 
Parbendazole
Parbendazole is a member of benzimidazole anthelmintic drug family that has been used to treat parasitic infections in veterinary settings [21] . Even though parbendazole has been reported to interfere with cell metabolism as an inhibitor of glucose uptake and fumarate reductase and to disrupt secretory processes of acetylcholine [21, 22] , its main mechanism of action is to inhibit microtubule polymerization and depolymerization of microtubular structures inside the cytoplasm [23] . 
Midazolam
Midazolam is a benzodiazepine drug that is widely used in medical procedures such as anesthesia, sedation, and amnesia [25] .
Midazolam is a partial allosteric modulator of GABAA 
Electrical shock device
A microcontroller was used to adjust the shocks to the culture medium (ATMEGA 16 AVR controller). The circuit was designed to deliver cathodal shocks of 5 volts (60-millisecond shocks with 500-millisecond no-shock intervals)
as soon as the experimenter pressed the bottom (which happened when the paramecium entered the bright side of the trough, see learning behavior in paramecium section for more information).
Statistical analysis
We caudatum were evaluated using the independent t-test in the same program. 2 for more detail). For midazolam group, however, we did not observe a significant increase in the time spent inside the bright side (126±8.7 seconds).
RESULTS
Differences in behavioral profiles
FIG. 2. Time difference between groups: Control (n=30), trained without any drug (n=23),
trained-parbendazole treated (n=26), and trained-midazolam treated group (n=26). While
there was a significant difference between the time of the trained/parbendazole groups and control (one-way ANOVA, Tukey HSD test, P<0.01 and P<0.05 respectively), midazolam treated group did not show a significant time difference compared to the control group. stationary phase (p<0.05, n=28) . Note that the reduction in population density is due to stationary phase of the growth i.e. while population stays the same in control group due to equal rates of division and cell death, an inhibition of cell division in the parbendazole group causes a net reduction of population density decline. Figure 4 shows that this effects is unlikely to be due to cytotoxicity.
3.2
Drug effectiveness analysis for parbendazole
parbendazole (dash-dotted line) compared to the control group (dotted line). While there was not any significant difference between two groups at the administration time, t-test indicated a significant difference after 24 hours between two groups in the
FIG. 4. The population density of paramecium. In the logarithmic growth phase, the control group (dotted line) shows a logarithmic growth while the parbendazole group (dash-dotted line) demonstrates a growth inhibition
due to the parbendazole administration after 24 hours (p<0.01, n=28), error bars are ±SEM. Lack of population density decline in logarithmic phase suggests that parbendazole was not cytotoxic at this concentration.
Paramecium swimming speed analysis for parbendazole group
The independent T-test indicated that the swimming speed difference of P. caudatum before and after parbendazole treatment was not significant (1031±131 and 969±107 micrometers per second, respectively. See figure   5 for more detail). 
DISCUSSION
Implications for information processing and storage in microtubules
In the present study, we have shown that the disruption of microtubules will not cause significant impairment in learning behavior of P. caudatum. Therefore, microtubules do not seem to be necessary for memory storage and learning in P. caudatum. It is noteworthy to mention that although parbendazole concentration was two orders of magnitude more than the IC50 concentration of parbendazole in Paramecium tetraurelia and it inhibited cellular growth in an effective fashion, it did not affect the learning behavior of P. caudatum.
Accordingly, previous suggestions about the involvement of tubulins and microtubules in information storage in cells organizations may need further revisitation. Additionally, if microtubules are not involved in information storage, it is hard to argue that they may be involved in information processing. Therefore, It might be reasonable to doubt the role of microtubules as fundamental structures which can support intelligent behavior(s) in an extensive range of species, as suggested by some scholars [5, 28] .
Learning in paramecium; Phototaxis, effects and aftereffects of electrical stimulation
Our results show that learning in P. caudatum can be impaired upon the administration of a GABA receptor partial allosteric modulator, however, not by disrupting the microtubular dynamics. We cannot explain exactly how this agent disrupts learning in paramecium, but perhaps it may be explained based on the previously proposed model [29] , where learning in paramecium includes three main processes: a) light detection and phototaxis, b) disruption of phototaxis through electrical stimulation, and c) stimulation aftereffects.
Light detection and phototaxis in paramecium
It is believed that phototaxis mechanisms in eukaryotes follow a straightforward rule [30] . A photosensor molecule codes the light intensity and sends signals to a motor actuator for locomotion. In paramecium genus, Paramecium bursaria is a good example for phototaxis. Swimming speed of this ciliate decreases upon exposure to strong bright light and its membrane depolarizes in this process [31] . On the other hand, its swimming speed increases upon normal light exposure due to hyperpolarization of its membrane potential [32] . Interestingly, it is known that this membrane hyperpolarization causes an increased ciliary beat frequency [33] mediated through cyclic adenosine monophosphate (cAMP) molecules [32] . While retinal was extracted from Paramecium bursaria as a possible chromophore molecule [34] , the exact identity of photosensor molecule in P. caudatum is still unknown. It seems reasonable to assume that paramecium uses cAMP as an intermediate messenger to coordinate between its photosensor and cilia. We suggest that a similar molecular pathway can be responsible for phototaxis in P. caudatum. Since freely swimming paramecia spend only 39% of their time in the bright side of the trough (≈ 100 seconds out of 270, see figure 2 ), it can be suggested that P. caudatum shows a photophobic behavior similar to P. bursaria which involves cAMP, membrane potential fluctuations, and an unknown photosensor.
Disruption of phototaxis through electrical stimulation
It is known that paramecium membrane contains Ca2+ channels [35] used in movement behaviors of the organism [33, 36, 37] . Interestingly, it was shown that membrane depolarization can cause a reversal in ciliary beating direction of the organisms by changing the flow of Ca2+ ions across the membrane [38] . Since the resting membrane potential of paramecium is around -25 millivolts [38] , it is fair to assume that successive cathodal shocks will cause an outward flow of positive ions (and Ca2+ in particular) and cancellation of P. caudatum's photophobic behavior by reducing its swimming speed (Fig. 6 ).
Stimulation aftereffects
Our assumptions to this point can explain why paramecia in the training group are relatively attracted to the bright side, but they do not explain the mechanisms of memory retention in paramecium. We believe that memory retention in this organism is related to the stimulation aftereffects. Light exposure produces a substantial amount of cAMP in the cytosol while the reduction of Ca2+ in the cell -due to electrical shocksopposes the effect of cAMP as a speed booster. In the test trials, when there is no electrical shock, the stored cAMP exists in excessive amounts and it speeds up paramecium movement regardless of its position in the bright or dark side of the trough. This is in line with the experimental finding that paramecia in experimental group spend an almost equal amount of time in both halves of the trough (Fig. 2) . We suggest that memory in P. caudatum in this task is encoded in the concentration of cAMP molecules.
Pharmacological manipulations of learning in P. caudatum
Our results indicate that a benzodiazepine drug (a GABA receptor Partial Allosteric Modulator) can disrupt the learning behavior of P. caudatum. As shown in the previous reports, a GABAB agonist (baclofen) can cancel the reversal movement of Paramecium primaurelia and its effect can be blocked by a Ca2+ channel blocker (verapamil) [39] . Midazolam as a GABA PAM opposes the effect of electrical shocks and helps the paramecium to exert its normal photophobic behavior towards the light (see Fig. 6 for more information).
FIG. 6. A schematic representation of the proposed model for learning in paramecium. A) When
paramecium is swimming in the dark side of the trough, there is a baseline cAMP concentration which maintains a normal swimming speed. B) When paramecium enters the bright side of the trough, light exposure causes an increase in cAMP levels which consequently increase the swimming speed. C) When paramecium enters the bright side of the trough and receives successive electrical shocks, electrical shocks will cause subtle and temporary backward movements which leads to a normal swimming speed for paramecium almost equal to its swimming speed in the dark side. This causes accumulation of cAMP molecules in the cytosol which eventually cancels the photophobic behavior of paramecium during test trials. It seems to be a possible mechanism for learning in paramecium. D) Administration of midazolam as a GABA PAM will cancel the backward movements as mentioned in the text. This process can eliminate the effect of electrical shocks and the subsequent accumulation of cAMP molecules in paramecium; therefore, it will disrupt the learning behavior of paramecium
CONCLUSION
In the present study, we have shown that microtubules do not seem to be major players in the learning process of P. caudatum. Instead, ionic flow disruption by a GABA receptor allosteric modulator can impair memory in P. caudatum. We disrupted microtubular dynamics in paramecium by using parbendazole to see its effect on paramecium's learning process. We observed that a partial allosteric modulator of GABA (midazolam) could disrupt learning process in paramecium, but parbendazole could not. Our results suggest that microtubules are probably not involved in information storage in P. caudatum and there might be other mechanisms for this process. This finding may have significant consequences for theories that consider a major role for microtubules in information storage or processing in a wide range of animals including paramecium.
Further studies on the molecular cascade involving cyclic monophosphate and calcium ions could explain the learning behavior of P. caudatum.
We suggested a molecular pathway to explain the learning behavior in P. caudatum based on the effect of a GABA PAM on this phenomenon, which can be further evaluated through future experiments. To this end, one experimental test can be using the calcium channel blockers. If reversal beating direction (i.e. due to depolarization and calcium influx) is the main mechanism responsible for P. caudatum learning, Ca2+ channel blockers should be able to neutralize learning behavior of P. caudatum.
